INTRODUCTION
============

Heat stress is a non-specific physiological response of animal to thermal environment when animal produces more heat than it can dissipate \[[@b1-ajas-18-0743]\]. The Holstein is the most popular dairy cattle breed in the world. In summer, the ability of this breed to dissipate heat via skin evaporation is limited by its relatively low surface area to body weight ratio, underdeveloped sweat glands, and short, dense body surface hair, all of which burden milk production \[[@b2-ajas-18-0743]\]. Moreover, considerable metabolic heat is produced by the fermentation of the consumed roughage in the rumen, which also results in an additional heat load on the cow's body \[[@b3-ajas-18-0743]\]. In addition, with the steadily warming global climate and the intensification of hot periods, dairy cows have been subjected to even more severe heat stress \[[@b4-ajas-18-0743],[@b5-ajas-18-0743]\], which threatens to severely reduce production performance, especially milk yield \[[@b6-ajas-18-0743],[@b7-ajas-18-0743]\]. Therefore, dairy cows used to mainly be raised in cool areas to reduce heat stress. To help mitigate the negative effects of ambient temperature and humidity on body temperature and milk production, studies have focused on the development of scientific techniques to manage heat stress and increase cooling \[[@b4-ajas-18-0743],[@b8-ajas-18-0743]\]. These techniques can reduce the negative impact of hot and humid environments on dairy cows, and promote increases in the quality and efficiency of milk production in the dairy industry \[[@b9-ajas-18-0743]\].

Body temperature is an important physiological parameter and is indicative of the health of dairy cows \[[@b10-ajas-18-0743]\]. Studies have shown that high temperature conditions can lead to significant increases in body temperature and respiratory rate \[[@b11-ajas-18-0743],[@b12-ajas-18-0743]\], and a significant decrease in feed intake \[[@b9-ajas-18-0743]\], milk production \[[@b13-ajas-18-0743],[@b14-ajas-18-0743]\], and reproductive performance \[[@b15-ajas-18-0743]\]. The annual economic losses of livestock industries as a result of heat stress have been reported to be 1.69 to 2.36 billion USD in the United States, of these losses, up to 1,500 million USD occur in the dairy industry \[[@b16-ajas-18-0743]\]. These data show that the most serious economic impact of heat stress has been on the dairy industry. Thus, if real-time changes in record body temperature, ambient temperature, and humidity can be monitored and recorded, it would be possible to evaluate whether cows are experiencing heat stress, as well as the degree of heat stress they are experiencing, based on these changes \[[@b17-ajas-18-0743],[@b18-ajas-18-0743]\].

The temperature-humidity index (THI) is often used as an important environmental assessment index to evaluate heat stress in dairy production \[[@b19-ajas-18-0743],[@b20-ajas-18-0743]\]. Studies that focus on the relationship between THI and body temperature will help us to understand the physiological status of cows exposed to different THI conditions, which is of great significance to the feeding and management of cows. Herein, we review the effects of ambient temperature and humidity on the body temperature of cows, as well as the effects of heat stress on feed intake, milk production, follicular development, estrus, and pregnancy. We hope that this review will provide theoretical guidance for the feeding and management of dairy cows.

EFFECTS OF HEAT STRESS ON THE BODY TEMPERATURE OF DAIRY COWS
============================================================

Formulas for calculating temperature-humidity index
---------------------------------------------------

One study indicated that animals show different sensitivities to ambient temperature and humidity \[[@b15-ajas-18-0743]\]. Under the same ambient humidity, swine cannot tolerate higher temperatures because they have few sweat glands \[[@b21-ajas-18-0743]\], while the impact of heat stress on cattle can be relieved by dissipating excessive heat through sweating \[[@b20-ajas-18-0743]\]. Thus, THI can be used as an important environmental index to ascertain whether animals are in a state of heat stress, as well as the degree of this heat stress. THI---a comprehensive index composed of the effects of ambient temperature and humidity---has been developed into a meteorological safety index to monitor the possible effects of ambient temperature and humidity on animals \[[@b22-ajas-18-0743]\]. It has been shown the degree of heat stress varies with climate characteristics, as humidity plays a larger role in physiological stress in areas with high humidity, while the ambient temperature is more influential in areas with semi-arid climates \[[@b20-ajas-18-0743]\]. Thus, different formulas for calculating THI have been developed for different climates. Temperature-humidity indices (THIs) were calculated using eight different formulas, while eight coefficients of determination (r^2^) were determined based on both THI values and the rectal temperature (RT) of 1,280 Holstein cows \[[@b23-ajas-18-0743]\]. The r^2^ values ranged from 0.42 to 0.43 for seven of the eight THIs, while the other r^2^ was 0.39, indicating that the THIs vary depending on the formula used, and that the formula for calculating THI should be selected according to the environmental conditions \[[@b23-ajas-18-0743]\].

At present, two formulas for calculating THI are commonly used in dairy production. One equation uses dry and wet bulb temperatures to calculate THI: THI = 0.72(Tdb+Twb)+40.6, where Tdb is the dry bulb temperature and Twb is the wet bulb temperature in °C \[[@b24-ajas-18-0743]\]. The other equation is THI = (1.8×T+32)--(0.55--0.0055×RH9×\[1.8×T--269\]), where T is dry bulb temperature (°C) and RH is the relative humidity (%) \[[@b25-ajas-18-0743]\]. According to the local climate characteristics, we can select a suitable equation for THI to ascertain potential heat stress in dairy cows, and to provide a basis for the effective prevention of heat stress on a given farm. Armstrong \[[@b26-ajas-18-0743]\] showed that cows do not experience heat stress when the THI value is less than 72, they experience mild heat stress when 73\<THI\<79, they suffer moderate heat stress when 80\<THI \<89, and they exhibit a severe heat stress response when THI \>90. Therefore, if THI can be divided into different stages according to the possible state of heat stress, this heat stress---and the degree of stress that heat and humidity may cause---can be inferred by the change in ambient temperature and humidity. Thus, heat stress in dairy cows can be subsequently reduced or alleviated via corresponding measures (e.g., such as equipping facilities with a sprinkler system and/or a fan to control environmental conditions) \[[@b6-ajas-18-0743],[@b9-ajas-18-0743]\].

Effects on the body temperature of dairy cows
---------------------------------------------

The body temperature of cows can be measured in terms of RT, vaginal temperature (VT), rumen temperature, subcutaneous tissue temperature, and temperature measured via the ear canal \[[@b27-ajas-18-0743]--[@b29-ajas-18-0743]\]. In addition, milk temperature has also been measured to infer the body temperature of a cow \[[@b9-ajas-18-0743]\]. In production practice, RT is often used as a sensitive index to determine whether a cow has reached thermal balance \[[@b30-ajas-18-0743]\] and to determine the influence of the thermal environment on growth, lactation, and reproduction in dairy cows \[[@b31-ajas-18-0743]\]. A study by Xue et al \[[@b32-ajas-18-0743]\] showed that RT rose from 37.8°C to 38.5°C when the THI value rose from 45 to 72, representing increases in THI and RT of 60% and 1.8%, respectively. However, when THI rose from 72 to 79, RT increased from 38.5°C to 39.35°C, representing increases in THI and RT of 9.7% and 2.2%, respectively. In other words, the percent increase in RT was greater when THI was greater than 72, indicating that the correlation between RT and THI is complex. Therefore, THI less than 72 is considered to be thermoneutral zone for dairy cows \[[@b33-ajas-18-0743],[@b34-ajas-18-0743]\]. Wen \[[@b6-ajas-18-0743]\] showed that RT was significantly higher during heat stress than during non-heat stress periods (p\<0.01), and that for each unit increase in the THI value, the RT of dairy cows increased by 0.1062°C, 0.0739°C, and 0.0847°C during early, mid-, and late lactation, respectively. In addition, the p values of correlations between THI and RT in early, mid-, and late lactation were 0.0069, 0.0292, and 0.0093, respectively, indicating that THI significantly affects the RT of dairy cows in early, mid-, and late lactation (p\<0.05) \[[@b6-ajas-18-0743]\]. Rejeb et al \[[@b35-ajas-18-0743]\] also showed that the correlation coefficient (r) between THI and the RT of thirteen multiparous cows was as high as 0.87 when the THI value ranged from 65.62 to 83.27.

Because milk temperature is easier to monitor than RT, the relationship between milk temperature and THI has also been studied. West et al \[[@b9-ajas-18-0743]\] showed that the milk temperature fluctuated from 39.3°C to 39.6°C (in Holsteins) and 39.1°C to 39.2°C (in Jerseys) when THI ranged between 72.1 and 83.6. Furthermore, the r value of the THI and milk temperature of Holstein and Jersey cows were 0.88 and 0.60, respectively, indicating that the milk temperature of the Holstein cows was affected more than that of the Jersey cows by THI. In addition, these results showed that milk temperature gradually increased with ambient temperature, reaching 39°C when the THI reached 72, which is the point at which the feed intake and milk production of cows declined and other heat-stress symptoms appeared, indicating that milk temperature can be effectively used to assess heat stress \[[@b9-ajas-18-0743]\].

The relationship between VT and ambient temperature and humidity has also drawn attention, as a strong correlation between VT and RT has already been established \[[@b36-ajas-18-0743],[@b37-ajas-18-0743]\]. The VT of 11 Holstein-Friesian cows (including six in a hot period and five in a cool period) were continuously monitored using data-recording thermal sensors for 25 days, while the ambient temperature and humidity were also continuously recorded. Nabenishi et al \[[@b29-ajas-18-0743]\] study showed that the average VT (39.1°C) during the hot period was significantly higher than that (38.7°C) during the cool period (p\<0.01). The average THI during the hot period (78.0) was also higher than that of the cool period (56.6; p\<0.01). The r value between VT and maximum THI (mTHI) was 0.30 when THI ranged from 72.0 to 81.1 during the hot period, but was −0.08 when THI ranged from 48.0 to 68.8 in the cool period, indicating that VT is not substantially affected by temperature and humidity during cool periods \[[@b29-ajas-18-0743]\]. With the development of sensing technology, the ability to continuously measure the VT of cows has been developed. As a result, the importance of VT has become increasingly prominent, where correlations between VT and RT have garnered more and more attention. A recent study on the VT and RT of 75 primiparous and 142 multiparous Holstein cows showed that, under the same THI conditions, the mean VT and RT of primiparous cows were 39.7°C and 39.4°C, respectively, while the mean VT and RT of multiparous cows were 39.5°C and 39.2°C, respectively. However, the correlations between THI and VT and RT were not explored further \[[@b38-ajas-18-0743]\].

At present, many reports have focused on the effects of THI on the body temperature of dairy cows, where the relationships between THI and body temperature vary depending on the method used to measure body temperature \[[@b35-ajas-18-0743],[@b39-ajas-18-0743]\]. Although RT \[[@b30-ajas-18-0743]\], rumen temperature \[[@b40-ajas-18-0743]\], milk temperature \[[@b9-ajas-18-0743]\], and VT \[[@b29-ajas-18-0743]\] can all be used to assess heat stress, VT is affected by external factors to a lesser extent than other measurements and may be more suitable for the evaluation of heat stress in dairy cows \[[@b41-ajas-18-0743]\]. In addition to improving the heat stress assessment index \[[@b42-ajas-18-0743]\], it is still not entirely clear if other temperature indices can be used to assess heat stress, or if the combination of body temperature and environmental indices could provide an accurate evaluation of heat stress. Therefore, further research is necessary to elucidate these possibilities.

EFFECTS OF HEAT STRESS ON PRODUCTION AND REPRODUCTION IN DAIRY COWS
===================================================================

Under normal conditions, fluctuations in the body temperature of cows are very small. The normal body temperature ranges from 38.5°C to 39.5°C in calves, from 38.0°C to 39.5°C in heifers, and from 38.0°C to 39.0°C in adult cows \[[@b43-ajas-18-0743]\]. While an ambient temperature between 0°C and 25°C has been showed to be beneficial to production performance \[[@b44-ajas-18-0743],[@b45-ajas-18-0743]\], ambient temperatures in excess of 25°C have been shown to cause an increase in the body temperature of dairy cows, thereby increasing heat stress \[[@b45-ajas-18-0743],[@b46-ajas-18-0743]\]. A study by Robinson et al \[[@b47-ajas-18-0743]\] showed that heat production was 124.5 kcal/kg of BW^0.75^ when beef cattle were exposed to an ambient temperature of 20°C, but was 141.8 kcal/kg of BW^0.75^ when they were exposed to hotter conditions (35°C). This indicates that heat production increases with an increase in ambient temperature, resulting in a concomitant increase in the body temperature of the cow. However, body temperatures that exceed normal values are not ideal, and cows have been shown to decrease their feed intake and heat exchange capacity accordingly \[[@b48-ajas-18-0743],[@b49-ajas-18-0743]\]. As a result, this leads to lower milk production and reproductive indices \[[@b24-ajas-18-0743]\], as well as increased costs for the dairy industry in the summer months \[[@b34-ajas-18-0743]\].

Effects on feed intake
----------------------

A large amount of metabolic heat is produced by digesting roughage, which increases the body temperature of cows. As ambient temperature increases in the summer months, and as body temperature concomitantly increases, cows decrease their feed intake to mitigate heat stress \[[@b19-ajas-18-0743]\], thereby leading to a gradual decline in milk production and a change in milk content. It has been reported that the feed intake of dairy cows begins to decrease when the ambient temperature reaches 25°C, and sharply decreases when the ambient temperature exceeds 40°C, after which feed intake is approximately 20% to 40% lower than the normal intake \[[@b50-ajas-18-0743],[@b51-ajas-18-0743]\]. Thus, an observed decrease in feed intake is an important index of heat stress in dairy cows, where the combination of decreased feed intake and increased ambient temperature gradually result in lower milk yield \[[@b32-ajas-18-0743]\]. If environmental factors can be actively monitored and management practices altered accordingly to alleviate heat stress in dairy cows, milk yield and quality can be improved by boosting feed intake \[[@b4-ajas-18-0743]\].

A study of 22 Holstein and eight Jersey cows found that THI negatively affected feed intake, where a THI\>72.1 resulted in a decrease in the feed intake of Holstein and Jersey cows by 0.51 kg and 0.47 kg, respectively, for each unit of increase in THI \[[@b9-ajas-18-0743]\]. In addition, Xue et al \[[@b32-ajas-18-0743]\] found that the dry matter intake (DMI) increased from 18.5 to 19.8 kg/d when THI increased from 42 to 68, but decreased from 19.8 to 15.8 kg/d when the THI increased from 68 to 80. This indicates that DMI responds to THI in a biphasic manner, where DMI increases slowly with an increase in THI until a critical point, after which it decreases sharply with an increase in THI when the THI value is higher. Therefore, cows gradually enter a state of heat stress when THI exceeds 68, and DMI decreases gradually with increasing heat stress.

Effects on milk yield
---------------------

As previously mentioned, heat stress leads to a decrease in feed intake of dairy cows \[[@b19-ajas-18-0743]\], thereby leading to a reduction in milk production \[[@b13-ajas-18-0743]\]. Gantner et al \[[@b34-ajas-18-0743]\] showed that the THI values in spring and summer in the three regions (east, Mediterranean, and central) of Croatia easily exceeded 72, during which the cows were prone to develop heat stress. However, in autumn and winter, when THI values were usually less than 72, the cows rarely experiencing heat stress. In addition, the milk yields were significantly different between the heat-stress and non-heat-stress periods (p\<0.01), and indicating that the milk yield of dairy cows in regions with different microclimates can be significantly affected when THI reaches heat-stress levels. A study by West et al \[[@b9-ajas-18-0743]\] that investigated the effects of heat stress on different breeds of cows, showed that the milk yield of Holstein cows (n = 22) and Jersey cows (n = 8) decreased by 0.69 kg and 0.45 kg, respectively, for every unit increase in THI, indicating that a higher degree of breed selection led to a greater impact of heat stress. Moreover, a study that investigated seasonal effects on milk yield showed that the milk yield of Holstein cows decreased by 10% to 40% in summer in comparison to the milk yield in winter \[[@b52-ajas-18-0743]\], further highlighting the influence of heat stress on milk production.

Heat stress not only decreases milk yield, but also affects milk content and somatic cell count \[[@b53-ajas-18-0743],[@b54-ajas-18-0743]\]. An analysis of milk produced by 1,675,686 cows in Croatia from January 2005 to April 2010 showed that the fat and protein content of the milk decreased significantly as a result of increased THI (p\< 0.01) \[[@b34-ajas-18-0743]\]. A separate analysis---based on 119,337 milk-production values from 15,012 dairy cows in Georgia, USA---showed that the fat and protein content of milk decreased by 0.012 kg and 0.009 kg, respectively, for each unit of increase in THI above 72 \[[@b13-ajas-18-0743]\]. Yet another study regarding milk components in the Mediterranean showed that, when the average THI increased from 68 to 78 (from spring to summer), the protein and fat contents of milk decreased from 2.96% and 3.58% to 2.88% and 3.24%, respectively. In addition, feed intake and milk yield decreased by 9.6% and 21%, respectively \[[@b33-ajas-18-0743]\]. These studies illustrate that the performance of dairy cows in summer is greatly affected by heat stress, which is indirectly reflected in changes in feed intake, milk yield, and milk components \[[@b33-ajas-18-0743],[@b55-ajas-18-0743]\].

Effects on follicular development and estrus
--------------------------------------------

Heat stress can affect the function of tissues and organs in dairy cows and hinder the synthesis of some proteins and hormones, which can in turn lead to low fertility by affecting the synthesis of proteins and hormones associated with the reproductive organs \[[@b56-ajas-18-0743]\]. First, heat stress has been shown to exert a direct effect on follicular development in dairy cows \[[@b57-ajas-18-0743]\]. Wolfenson et al \[[@b58-ajas-18-0743]\] showed that the number of dominant ovarian follicles in a heat-stressed group of dairy cows began to decline earlier than in the cooled group during the first follicular wave. The number of large follicles (diameter ≥10 mm) was significantly higher in the heat-stressed group than in the cooled group (p\<0.01), resulting in 53% more large follicles in the heat-stressed group during the first follicular wave. Moreover, during the second follicular wave, the numbers of small and medium follicles were higher in the cooled group than in the heat-stressed group, and the number of medium follicles was significantly lower than that in the first follicular wave (p\<0.02). In addition, the dominant ovarian follicles appeared earlier and were fewer in number than in the cooled group, indicating that heat stress can affect the development of follicles in dairy cows \[[@b58-ajas-18-0743]\]. However, Wilson et al \[[@b59-ajas-18-0743]\] showed that the dominant ovarian follicles in the heat-stressed group were equal in size to or smaller than those of the thermoneutral group during the second follicular wave, and that the percentage of cows having two follicular waves in the heat-stressed group and thermoneutral group was 18% and 91%, respectively. The serum concentrations of progesterone were similar for heat-stressed and thermonutral group until d 16. After d 16, serum progesterone content was significantly higher in the heat-stressed group than that in the thermoneutral group (p\< 0.01) \[[@b59-ajas-18-0743]\]. In addition, the day of functional luteolysis (defined as serum progesterone \<1 ng/mL) was delayed in four out of 11 heat-stressed cows (day 29.1±2.4) in comparison to that of the thermoneutral cows (day 20.4± 2.4; p\<0.05) \[[@b59-ajas-18-0743]\]. Collectively, these studies all indicate that follicular development is adversely affected by heat stress.

In addition to affecting follicular development, heat stress also affects estrus \[[@b60-ajas-18-0743]\]. A study on non-lactating Japanese Black cows indicated that their estrus cycle was significantly longer in summer than in winter (p\<0.05), and that walking activity was also significantly lower in summer than in winter (p\<0.001). However, there was no significant difference in the duration of estrous between the two seasons \[[@b41-ajas-18-0743]\]. In addition, the estrus and conception rates decreased when THI exceeded 72 \[[@b22-ajas-18-0743]\], indicating that heat stress increased feeding costs by reducing reproduction efficiency.

Effects on pregnancy
--------------------

Heat stress also has a serious impact on pregnancy in dairy cows \[[@b61-ajas-18-0743]\]. A statistical analysis of pregnancies in 20,606 cows from seven farms showed that the pregnancy rates were 39.4% (THI\<72.0), 38.5% (72.0 to 73.9), 36.9% (74.0 to 75.9), 32.5% (76.0 to 77.9), and 31.6% (\>78.0) \[[@b15-ajas-18-0743]\]. This indicates that the pregnancy rate of dairy cows decreases in a THI-dependent way, when THI was great than 72.0, with a decrease in pregnancy rate of 1.03% per unit increase in THI \[[@b15-ajas-18-0743]\]. The effects of heat stress on pregnancy rate were explored in another study involving 1,199 crossbred dairy cows for 30 days before and after insemination. In this study, according to whether the ambient THI values less than 72 or not, the cows were divided into four groups: thermoneutral-thermoneutral (TN-TN), thermoneutral-heat stress (TN-HS), heat stress-thermoneutral (HS-TN), and heat stress-heat stress (HS-HS). The results showed that the pregnancy rate in the HS-HS group (20.5%) was significantly lower than those of the TN-TN (32.6%), TN-HS (30.3%), and HS-TN (31.8%) groups (p\<0.05), while there were no significant differences between the latter three groups (p\>0.05) \[[@b62-ajas-18-0743]\]. These studies show that the pregnancy rate of dairy cows was decreased in response to heat stress, and that the influence of heat stress was enhanced by increased duration and intensity. However, another study showed that pregnancy rate was significantly higher after embryo transfer than that after artificial insemination (day 21, 47.6% vs 18.0%; days 45 to 60, 29.2% vs 13.5%; p\<0.001) \[[@b63-ajas-18-0743]\]. Related studies reported that heat stress negatively affects the development of bovine oviduct \[[@b64-ajas-18-0743]\] and oocyte quality \[[@b65-ajas-18-0743]\]. Therefore, the decline of pregnancy rate after artificial insemination may be due to the decreases in oocyte quality and oviductal function in response to heat stress.

CONCLUSION
==========

The body temperature and feed intake of dairy cows are affected by rising ambient temperature and humidity, which in turn affect milk production and reproduction. Although THI integrates ambient temperature and humidity information to assess heat stress, there are still many shortcomings in the research performed to date. First, the precision of THI monitoring was not sufficient. Many studies only used seasonal averages, where only a few working days were monitored. Moreover, just a few time points (e.g., morning, noon, and night) were used when monitoring working days. As a result, the results of monitoring were intermittent, did not record circadian changes in THI, and could not timely and precisely reflect the heat stress status of the cows. Second, it is not adequate for all regions and farms to determine the state of heat stress according to whether THI exceeds 68 or 72. Instead, specific problems should be analyzed more concretely. Third, heat stress is the physiological reaction of a given cow to its thermal environment, and is not only affected by THI, but also varies between breeds, individuals, farms, and management practices. Thus, inferring heat stress using only THI is not sufficiently analytical. The magnitude of heat stress should be more accurately reflected using a comprehensive assessment of environmental index and physiological parameter. With the rapid development of mechanical and electrical sensing technology, automatic monitoring equipment for the body temperatures and activities of cows has been gradually improved \[[@b29-ajas-18-0743],[@b66-ajas-18-0743]\]. Moving forward, these techniques will be important in the scientific evaluation of heat stress in cows by combining THI, body temperature, and other indices (e.g., activity) to make the management of dairy cows more refined, and even individualized, to effectively forecast heat stress.
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